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Abstract
We present the one-loop corrected decay widths for the decays of the neutral
Higgs bosons h0, H0 and A0 into a neutralino pair χ˜0m χ˜
0
n (m,n = 1, . . . , 4) and to the
decay χ˜0m → (h0, H0, A0) + χ˜0n. The corrections contain the one-loop contributions
of all fermions and sfermions. All parameters are taken on-shell. This requires a
proper treatment of the neutralino mass and mixing matrix. The dependence on
the SUSY parameters is discussed. The corrections can be large in certain regions
of the parameter space.
1 Introduction
The Minimal Supersymmetric Standard Model (MSSM) [1] is considered the most attrac-
tive extension of the Standard Model. The MSSM requires the existence of two isodoublets
of scalar Higgs fields, implying three neutral Higgs bosons, two CP-even bosons (h0, H0),
one CP-odd (A0), and two charged Higgs bosons (H±). Searching for these Higgs bosons
is one of the main goals of all future colliders as the Tevatron, LHC, and an e+e− linear
collider. The search strategies very much depend on the way these Higgs bosons decay.
It is therefore mandatory to have a clear picture of the decay modes. Thus it is necessary
to calculate the widths and branching ratios of the various decays as precisely as possible.
The lightest Higgs boson h0 with a mass of at most 140 GeV will decay mainly into bb¯
and to a lesser extent into τ+τ−. It is, however, possible that it also decays as
h0 → χ˜01 + χ˜01 , (1)
where χ˜01 is the lightest neutralino. In the case of R-parity conservation, this decay is
invisible, and its appearance would reduce the branching ratios of the other decay modes.
The heavier neutral Higgs bosons H0 and A0 may decay into a pair of neutralinos
(H0, A0)→ χ˜0m + χ˜0n , (2)
with (m,n = 1, . . . , 4). At tree level, the decays occur by higgsino-gaugino-Higgs boson
couplings [2], and are therefore sensitive to the components of neutralinos. The decays
(1) and (2) as well as those of H± → χ˜±i χ˜0m, (i = 1, 2) have been numerically analyzed
in [3, 4] at tree level. Electroweak corrections to the widths of H± → χ˜±i χ˜0m due to
one-loop exchanges of the third generation quarks and squarks were recently calculated
in [5]. The one-loop corrections, involving fermions and sfermions, to the invisible width
of (h0, H0, A0)→ χ˜01+ χ˜01 have been calculated in the higgsino limit of χ˜01, (|µ| ≪M1,M2)
in [6], and in the gaugino limit of χ˜01, (|µ| ≫ M1,M2) very recently in [7]. (Here M1 and
M2 are the U(1) and SU(2) gaugino mass parameters, respectively, and µ is the higgsino
mass parameter.) In these limiting cases, the wave-function corrections can be neglected
and no renormalization is necessary. The couplings of (h0, H0, A0) to χ˜01 χ˜
0
1 also enter
in the neutralino-quark interaction [7], a process which is very important for the dark
matter search [8, 9], where one looks for the elastic scattering of neutralinos χ˜01 off nuclei
in a detector. Moreover, since the decays (1,2) are generated by gaugino-higgsino-Higgs
boson couplings at tree level, they can be also useful to probe the components of the
neutralinos, complementary to the pair production process e+e−→ χ˜0mχ˜0n [10].
In this paper, we present the one-loop corrections to the widths of the decays (1) and (2)
due to the exchange of all fermions (quarks and leptons) and their superpartners (sfermions).
The decays (1) and (2) are particularly interesting because the calculation of their ra-
diative corrections requires corrections to the neutralino mass matrix and mixing matrix
in addition to the conventional wave-function and vertex corrections with counter terms.
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The one-loop corrections to the neutralino mass and mixing matrix in the on-shell renor-
malization scheme were already worked out in [11] and they will be used here.
Related to these decays are the decays of neutralinos into Higgs bosons,
χ˜0m → (h0, H0, A0) + χ˜0n . (3)
These decays are also important as they occur in the cascade decays of gluinos and/or
squarks, g˜ → qq¯χ˜0m and q˜ → qχ˜0m, with χ˜0m then decaying according to (3). The decays
(3) with a real Higgs boson emission [12, 13] as well as three-body decays due to an off-
shell Higgs boson [14] have been studied at tree level. In this paper, we also present the
formulae for the decays (3) including the one-loop corrections.
2 Tree-level widths
Throughout this paper, we will use the notations mχ˜0
i
≡ mi and H0k ≡ {h0, H0, A0, G0}.
In a non-unitary gauge we have the ghost G0. The momenta are assigned as (k = 1, 2, 3;
m,n = 1, . . . , 4)
H0k(p)→ χ˜0m(k1) + χ˜0n(k2) . (4)
All couplings are given in the Appendix A (or it is referred to previous works).
The tree-level widths for a neutral Higgs decaying into two neutralinos is [3]
ΓtreeH = Γ
tree(H0k → χ˜0m χ˜0n) =
g2
8pim3
H0
k
(1 + δmn)
κ(m2H0
k
, m2m, m
2
n) |F 0mnk|2
[
m2H0
k
−m2m −m2n − 2(−1)δk3 mmmn
]
, (5)
with κ(x, y, z) ≡ ((x− y − z)2 − 4yz)1/2. The couplings F 0mnk are given in the Appendix,
eqs. (A.1-A.3).
For the decay of a neutralino into a lighter one and H0k , we get [12]
Γtreeχ˜0 = Γ
tree(χ˜0m → H0k χ˜0n) =
g2
16pim3m
κ(m2m, m
2
H0
k
, m2n) |F 0mnk|2
[
m2m −m2H0
k
+m2n + 2(−1)δk3 mmmn
]
. (6)
In our convention, the 4×4 neutralino mixing matrix Z, which diagonalizes the neutralino
mass matrix Y , is real. Therefore, the neutralino mass parameters mm and mn can be
positive or negative.
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3 One-loop corrections
We calculate the one-loop corrections to the amplitudes of the decays (4) stemming from
fermion and sfermion exchange. The renormalization is done in the on-shell scheme. All
one-, two-, and three-point functions [15] used for calculating the loop integrals are given
in the convention [16].
The correction to the coupling F 0mnk is
F 0 corr.mnk = F
0
mnk +∆F
0
mnk , (7)
with the ultraviolet (UV) finite one-loop correction
∆F 0mnk =
∑
flavors
Nfc
(
δF
0 (v)
mnk + δF
0 (w)
mnk + δF
0 (c)
mnk
)
, (8)
with the color factor Nfc = 1 for (s)lepton and N
f
c = 3 for (s)quark exchange.
∑
flavors
stands for the summation over all (s)fermion flavors, e. g. (top, stops), (bottom, sbottoms),
(tau, staus), etc.. For convenience, the color factor Nfc is given only in the total correction
term eq. (8).
In our convention, both F 0mnk and ∆F
0
mnk are real. Therefore, the corrected widths can
be written as
Γcorr.p = Γ
tree
p
(
1 +
∆F 0mnk
F 0mnk
)2
, (9)
with the decaying particle p = H0k or χ˜
0
m.
The vertex correction stems from the two diagrams shown in Figs. 1a and 1b. Because
of the Majorana nature of the neutralinos the charge conjugated (s)fermion fields denoted
by the superscript “c” can also circulate in the loop.
For h0 and H0 (a = 1, 2) we have
g δF (v)mna =
sfa
(4pi)2
2∑
i=1
{
mf
(
af˜ima
f˜
in + b
f˜
imb
f˜
in
)[(
mm +mn
)
C i0 + 2
(
mmC
i
1 +mnC
i
2
)]
+
+
(
af˜imb
f˜
in + a
f˜
inb
f˜
im
)[(
m2f +m
2
f˜i
+mmmn
)
C i0 +
(
mm +mn
)(
mmC
i
1 +mnC
i
2
)
+B0
]}
+
1
(4pi)2
2∑
i,j=1
Gf˜ija
[(
af˜imb
f˜
jn + a
f˜
jnb
f˜
im
)
mfC
ij
0 −
(
af˜ima
f˜
jn + b
f˜
imb
f˜
jn
)(
mmC
ij
1 +mnC
ij
2
)]
. (10)
For A0 the vertex correction reads
g δF
(v)
mn3 =
i sf3
(4pi)2
2∑
i=1
{
mf
(
af˜ima
f˜
in + b
f˜
imb
f˜
in
)(
mm +mn
)
C i0 +
4
+
(
af˜imb
f˜
in + a
f˜
inb
f˜
im
)[(
mmmn −m2f˜i +m
2
f
)
C i0 +
(
mn −mm
)(
mmC
i
1 −mnC i2
)
−B0
]}
+
i
(4pi)2
2∑
i,j=1
Gf˜ij3
[(
af˜imb
f˜
jn − af˜jnbf˜im
)
mf C
ij
0 +
(
af˜ima
f˜
jn − bf˜imbf˜jn
) (
mmC
ij
1 −mnC ij2
)]
.(11)
The abbreviations B0 = B0(m
2
H0
k
, m2f , m
2
f ), C
i
.. = C..(m
2
m, m
2
H0
k
, m2n, m
2
f˜i
, m2f , m
2
f), and
C ij.. = C..(m
2
m, m
2
H0
k
, m2n, m
2
f , m
2
f˜i
, m2
f˜j
) have been used.
The wave-function correction is given by
δF
0 (w)
mnk =
1
2
[
δZH
0
lk F
0
mnl + δZ
χ˜
qmF
0
qnk + δZ
χ˜
qnF
0
mqk
]
, (12)
with the implicit summations over l = 1, 2 for k = 1 or 2, l = 3, 4 for k = 3, and q =
1, . . . , 4. δZ χ˜ are the wave-function constant terms for the neutralinos given in (20), (21).
The wave-function constant terms for the Higgs bosons δZH
0
are
δZH
0
kk = − Re Π˙H
0
kk (m
2
H0
k
) , (13)
δZH
0
kl =
1
m2
H0
k
−m2
H0
l
Re
{
ΠH
0
kl (m
2
H0
l
)− ΠH0kl (m2H0
k
)
}
, l 6= k , (14)
with k, l = 1, 2 for the system (h0, H0) and k, l = 3, 4 for (A0, G0). Eq. (14) has been
symmetrized with respect to (k, l). This is due to the on-shell renormalization of the
Higgs mixing angle α (k, l = 1, 2) or β (k, l = 3, 4). In this scheme ([11], extending [17]
for quark and lepton mixing) the counter terms for the mixing angles are determined by
the requirement that they cancel the antisymmetric parts of the wave-function corrections.
The decays of A0 are a little complicated by the contribution of the A0 − Z0 mixing
in addition to the A0 − G0 mixing in eq. (14). Moreover, both depend on the gauge
parameter ξ. However, the sum of these two contributions is independent of ξ, as it is
shown in Appendix C. Here we work in the ξ = 0 (Landau) gauge, where the contribution
of the A0 − Z0 mixing vanishes, and use (14) with mH0
4
= 0. The resulting on-shell tan β
agrees with the one defined by the A0–Z0 mixing [18, 19, 11].
The Higgs self-energy contributions due to fermions and sfermions are written as
ΠH
0
kl (k
2) = Π
H0 (a)
kl (k
2) + Π
H0 (b)
kl (k
2) + Π
H0 (c)
kl + Tkl . (15)
The fermion contribution ΠH
0 (a) (Fig. 1c) is
Π
H0 (a)
ab (k
2) =
2 sfa s
f
b
(4pi)2
[(
k2 − 4m2f
)
B0(k
2, m2f , m
2
f )− 2A0(m2f)
]
, (16)
Π
H0 (a)
cd (k
2) = −2 s
f
c s
f
d
(4pi)2
[
k2B0(k
2, m2f , m
2
f )− 2A0(m2f)
]
, (17)
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Figure 1: One-loop Feynman graphs with fermion and sfermion exchange contributing
to the neutral Higgs boson-neutralino-neutralino decay amplitude. The superscript “c”
denotes the charge conjugated states.
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with a, b = 1, 2 and c, d = 3, 4. The sfermion contributions ΠH
0 (b) (Fig. 1d) and ΠH
0 (c)
(Fig. 1e) are
Π
H0 (b)
kl (k
2) =
1
(4pi)2
2∑
i,j=1
Gf˜jikG
f˜
ijl B0(k
2, m2
f˜i
, m2
f˜j
) , (18)
Π
H0 (c)
kl =
1
(4pi)2
2∑
i=1
[
h2f c
f˜
kl + g
2dkl e
f˜
ii
]
A0(m
2
f˜i
) , (19)
where k, l = 1, 2 or 3, 4. Tkl in eq. (15) represent momentum-independent contributions
from the tadpole shifts [18, 19] and leading higher-order corrections. We include the latter
by the renormalization group improvement as in Ref. [20]. Since the zero-momentum
contribution ΠH
0
kl (0), including Tkl, is very large it is often resummed as in Refs. [19, 21].
In practice, we calculate the effectivemH0a(a = 1, 2) and α obtained from the effective mass
matrix, which includes the ΠH
0
ab (k
2 = 0) contribution with mA0 , tan β, and the (s)quark
parameters, and regard them as the lowest-order parameters. If one is replacing α in all
the previous formulae with the effective one, the self energies ΠH
0
kl (k
2) in the wave-function
correction and δα must be replaced by ∆ΠH
0
kl (k
2) = ΠH
0
kl (k
2)−ΠH0kl (0). Nevertheless, the
form of their sums eqs. (13,14) is not affected by the elimination of ΠH
0
kl (0).
The neutralino wave-function terms read
δZ χ˜pp = − Re
{
Πχ˜pp(m
2
p) + 2mp
[
mpΠ˙
χ˜
pp(m
2
p) +mf Π˙
χ˜S
pp (m
2
p)
]}
, (20)
δZ χ˜ps =
1
mp −ms Re
{
ms
[
Πχ˜ps(m
2
s)− Πχ˜ps(m2p)
]
+mf
[
Πχ˜ Sps (m
2
s)− Πχ˜ Sps (m2p)
] }
, (21)
p 6= s. As before, δZ χ˜ps in (21) has been symmetrized by subtracting the counter term
for the rotation matrix Z of the neutralinos [11]. The neutralino self-energies due to the
sfermion-fermion loop (Fig. 1f ) are
Πχ˜ps(k
2) = − 1
(4pi)2
2∑
i=1
(af˜ipa
f˜
is + b
f˜
ipb
f˜
is)B1(k
2, m2f , m
2
f˜i
) , (22)
Πχ˜ Sps (k
2) =
1
(4pi)2
2∑
i=1
(af˜ipb
f˜
is + a
f˜
isb
f˜
ip)B0(k
2, m2f , m
2
f˜i
) , (23)
see also [20].
We need the counter term for the couplings gF 0mnk, which is a function of the gauge
couplings g, g′, the Higgs boson mixing angle α (for k = 1, 2) or β (for k = 3), and the
neutralino rotation matrix Z, as shown in eq. (A.2). The counter terms for (α, β) and Z
in the on-shell scheme [11] are already included in the wave-function corrections (14) and
(21), respectively. The remaining counter term of δg and δg′ is, after being absorbed into
the correction to F 0mnk,
δF
0 (c)
mnk =
∑
x=3,4
dxk
[
(ZmxZn2 + Zm2Znx)
δg
g
− (ZmxZn1 + Zm1Znx) tan θW δg
′
g′
]
.(24)
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We fix the electroweak gauge boson sector by mZ , mW , and e. One gets from the relations
g = e/sW , g
′ = e/cW , and cW = mW/mZ (cW ≡ cos θW , sW ≡ sin θW ) [22, 16]
δg
g
=
δe
e
+
c2W
2 s2W
(
δm2W
m2W
− δm
2
Z
m2Z
)
,
δg′
g′
=
δe
e
− 1
2
(
δm2W
m2W
− δm
2
Z
m2Z
)
. (25)
The formulae for δmW and δmZ can be also found in [11] and for δe/e in the Appendix B.
Now all parts are given which are needed in order to calculate the (UV finite) one-
loop contribution to the neutral Higgs boson-neutralino-neutralino coupling, eq. (8). The
vertex correction part δF
0 (v)
mnk is given by eqs. (10) and (11), the wave-function correction
term δF
0 (w)
mnk by eq. (12), and δF
0 (c)
mnk by eq. (24).
Further, one has to note that the on-shell masses and the mixing of the neutralinos are
not independent of each other. In fact, when the gauge and Higgs boson sectors are
fixed, the neutralino sector is determined by three free parameters only. Here we follow
the method given by [11]: The on-shell mass parameters M and µ are defined as the
elements of the on-shell mass matrix X of charginos, and the on-shell mass parameter
M ′ is defined as the element of the on-shell mass matrix Y of neutralinos . The finite
correction ∆Y = Y − Y tree, where Y tree is the tree-level mass matrix in terms of the
on-shell parameters (M,µ,M ′, mZ , sin θW , tanβ), is calculated by eqs. (42–51) in [11].
The one-loop corrected on-shell masses mi and mixing matrix Z = Z
tree + ∆Z are then
obtained by diagonalizing Y . For a proper treatment of the loop corrections, the resulting
shifts of the masses and the mixing matrix from the tree-level values have to be taken
into account.
4 Numerical results
For simplicity, we will take in the following (if not specified otherwise) for the soft breaking
sfermion mass parameters of the first, second and third generation MQ˜1,2 = MU˜1,2 =
MD˜1,2 = ML˜1,2 = ME˜1,2 = MQ˜3 =
10
9
MU˜3 =
10
11
MD˜3 = ML˜3 = ME˜3 = MQ˜ = 500 GeV
and for the trilinear couplings At = Ab = Aτ = A = 300 GeV. We take mZ = 91.2 GeV,
mW = 80 GeV, mA0 = 500 GeV, mt = 175 GeV, mb = 5 GeV, and mτ = 1.8 GeV. Masses
of all other SM fermions are neglected. We use the GUT relations M ′ = 5
3
tan2 θW M
and for the gluino mass mg˜ = (αS/αEW ) sin
2 θW M . The other input parameters are
{ tanβ, M, µ} (all as on-shell parameters). For the values of the Yukawa couplings of
the 3rd quark generation (ht, hb), we take the running ones at the scale of the decaying
particle mass.
In our numerical analysis we have discussed four cases: the tree-level width, the corrections
(7–9) with the tree-level Z and mi (“conventional correction”), the corrections (7–9) with
the one-loop corrected Z and tree-level mi (“conventional + ∆Z correction”), and the
corrections (7–9) with the one-loop corrected Z and one-loop correctedmi (full correction).
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The “conventional correction” corresponds to the correction to the gaugino-higgsino-Higgs
boson coupling, “conventional + ∆Z correction” includes the correction to the neutralino
components, and the correction due to the shift of mi is added in the full correction.
In Fig. 2a we show, as a function of µ, the tree-level widths ofH0 → χ˜01+χ˜02, H0 → χ˜01+χ˜03
and H0 → χ˜02 + χ˜02, respectively, for tanβ = 10 and M = 150 GeV. The H0 mass is
mH0 ∼ 500 GeV. The widths vary with the gaugino and higgsino components of the
various neutralino states. Fig. 2b exhibits the corrections to the width of H0 → χ˜01 + χ˜02:
The “conventional”, “conventional +∆Z”, and full corrections are shown. One can see
that, compared to the “conventional” correction, the corrections by the shifts ∆Z and mi
cannot be neglected. Figs. 2c and 2d show the corrections to the widths of H0 → χ˜01+ χ˜03
and H0 → χ˜02 + χ˜02, respectively. While the “conventional” correction is dominant for
µ < 0 in Fig. 2c, the “∆Z” correction is dominant in Fig. 2d. The full corrections amount
to several %.
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Figure 2: Tree-level widths (a) of the decays H0 → χ˜01+ χ˜02 (solid), H0 → χ˜01+ χ˜03 (dashed)
and H0 → χ˜02+ χ˜02 (dotted) and corrections to the widths of these decays (b), (c), and (d),
respectively, as a function of µ for tan β = 10 and M = 150 GeV. The full, dashed, dash-
dotted line corresponds to the full, “conventional + ∆Z”, and “conventional” correction.
The grey areas are excluded by the bounds mχ˜±
1
≥ 100 GeV, mh0 > 92 GeV.
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In Fig. 3, we show the tree and corrected widths of (a)H0 → χ˜01+χ˜02 decay with tan β = 10,
M = 500 GeV and µ = 150 GeV, and those of (b) A0 → χ˜01 + χ˜03 decay with tan β = 50
and M = µ = 300 GeV, as functions of MQ˜. In Fig. 3a, the decay is suppressed due
to the small gaugino components of χ˜01 and χ˜
0
2. The “conventional+∆Z” correction is
close to the full correction and therefore not shown here. We see that the “conventional”
correction is dominant. In contrast, the “∆m” correction in Fig. 3b is large and negative
(up to −16%), which dominates over the positive “conventional” correction (up to +4%).
This is because the decay in Fig. 3b is kinematically suppressed and sensitive to the shift
of mi. We note that the sfermion loop corrections do not decouple in large MQ˜ limit,
due to the supersymmetry breaking corrections [23] to the gaugino-higgsino-Higgs boson
couplings.
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Figure 3: The widths of the decays H0 → χ˜01+ χ˜02 (a) and A0 → χ˜01+ χ˜03 (b) as a function
of MQ˜. The dotted line corresponds to the tree-level width, the dash-dotted, dashed, and
solid line corresponds to the “conventional”, “conventional + ∆Z”, and full correction,
respectively. The parameters are tanβ = 10, M = 500 GeV, and µ = 150 GeV (a) and
tanβ = 50 and M = µ = 300 GeV (b).
Figs. 4a and 4b show the dependence of the widths on the trilinear coupling A for the same
decays modes and parameter sets as in Figs. 3a and 3b, respectively. The A dependence
is mainly caused by At and numerically important in general.
We also discuss the related decays (3) of the neutralinos. In Figs. 5a and 5b we show the
corrections to the width of the decays χ˜03 → h0 + χ˜01 and χ˜04 → h0 + χ˜01 as functions of
MQ˜ and A, respectively. The parameters are as in Fig. 3a for Fig. 5a and tanβ = 10 and
M = µ = 300 GeV for Fig. 5b. The total correction can go up to 25%.
Finally, Fig. 6 shows the µ dependence of the width of the decay h0 → χ˜01 + χ˜01 (1), both
the tree-level value (Fig. 6a) and the relative one-loop full correction (Fig. 6b). This
decay occurs when χ˜01 is sufficiently light and is mainly a U(1) gaugino to escape from the
present direct search. In order to realize this case, we consider very small M ′ and take
the following parameters which are similar to those in Ref. [7]: MQ˜1,2 =MU˜1,2 = MD˜1,2 =
10
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Figure 4: The widths of the decays H0 → χ˜01+ χ˜02 (a) and A0 → χ˜01+ χ˜03 (b) as a function
of A. The dotted line corresponds to the tree-level width, the dash-dotted, dashed and
solid line corresponds to the “conventional”, “conventional + ∆Z”, and full correction,
respectively. The parameters are tanβ = 10, M = 500 GeV, and µ = 150 GeV (a) and
tanβ = 50 and M = µ = 300 GeV (b).
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Figure 5: The widths of the decays χ˜03 → h0 + χ˜01 (a) and χ˜04 → h0 + χ˜01 (b) as a function
of MQ˜ (a) and A (b). The dotted line corresponds to the tree-level width, the dash-
dotted, dashed and solid line correspond to the “conventional”, “conventional + ∆Z”,
and full corrections, respectively. The parameters are tan β = 10, M = 500 GeV, and
µ = 150 GeV (a) and tan β = 10 and M = µ = 300 GeV (b).
MQ˜3 = MU˜3 = MD˜3 = 2ML˜1,2 = 2ME˜1,2 = 2ML˜3 = 2ME˜3 = 500 GeV, At = 1000 GeV,
Ab = Aτ = 0 GeV, M
′ = 30 GeV, M = 120 GeV, mg˜ = 500 GeV, tan β = 20, and
mA0 = 300 GeV. The loop correction can be comparable to or even larger than the tree-
level width as observed in Ref. [7]. Although the decay width is much smaller than the
other modes, the effect of the loop correction might be seen in precision studies of h0 at
a linear collider [7] and in neutralino dark matter search [7, 8, 9].
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Figure 6: The tree-level width (a) and the relative full correction (b) of the decay
h0 → χ˜01 + χ˜01 as a function of µ for the parameters tan β = 20, {M, M ′, mg˜, mA0} =
{120, 30, 500, 300} GeV, {At, Ab, Aτ} = {1, 0, 0} TeV, and MQ˜1,2 = MU˜1,2 = MD˜1,2 =
MQ˜3 = MU˜3 = MD˜3 = 2ML˜1,2 = 2ME˜1,2 = 2ML˜3 = 2ME˜3 = 500 GeV.
5 Conclusions
We have presented the calculation of the one-loop corrections to the decays
(h0, H0, A0)→ χ˜0m + χ˜0n and χ˜0m → (h0, H0, A0) + χ˜0n, (m,n = 1, . . . , 4), with all fermions
and sfermions in the loop. These decays are special in the sense that they require partic-
ular care in the treatment of the neutralino mixing and mass matrix in a scheme, where
all parameters in the neutralino mass matrix Y and mixing matrix Z are defined on-shell.
We have shown the importance of the corrections to these matrices in addition to the
conventional corrections (vertex and wave-function corrections with counter terms). We
have studied the dependence on the parameters M , µ, A, MQ˜, and tan β. The corrections
to the widths of the decays (h0, H0, A0) → χ˜0m + χ˜0n can go up to ∼ 15%, those of the
decays χ˜0m → (h0, H0, A0) + χ˜0n to ∼ 25%. For the invisible decay h0 → χ˜01 + χ˜01, giving
up the GUT relation for M ′, one even gets corrections up to 140%.
12
Acknowledgements
The work of Y.Y. was supported in part by the Grant–in–aid for Scientific Research
from Japan Society for the Promotion of Science, No. 12740131. The work was also
supported by the “Fonds zur Fo¨rderung der wissenschaftlichen Forschung” of Austria,
project no. P13139-PHY and the EU TMR Network Contract HPRN-CT-2000-00149.
Appendix
In the following we give the formulae for the couplings and for δe. Furthermore, the proof
of the gauge independence of the processes considered will be given.
A Coupling parameters
The H0k χ˜
0
m χ˜
0
n interaction is given by
L = −1
2
g H0a ¯˜χ
0
m F
0
mna χ˜
0
n +
i
2
g H0c ¯˜χ
0
m F
0
mnc γ
5 χ˜0n , (A.1)
with a = 1, 2, c = 3, 4, and
F 0mnk =
duk
2
[
Zm4Zn2 + Zn4Zm2 − tan θW (Zm4Zn1 + Zn4Zm1)
]
+
ddk
2
[
Zm3Zn2 + Zn3Zm2 − tan θW (Zm3Zn1 + Zn3Zm1)
]
. (A.2)
The Zmn are the elements of the neutralino mixing matrix which diagonalizes the neu-
tralino mass matrix and
d4k = d
u
k =
(
− cosα, −sinα, cos β, sin β
)
k
,
d3k = d
d
k =
(
− sinα, cosα, −sin β, cos β
)
k
. (A.3)
The superscript “u” denotes an up-type and “d” a down-type fermion.
The neutral Higgs boson-fermion-fermion couplings, defined by L = sfk H0k f¯ f are
sua =
hu√
2
dua , s
u
c = i
hu√
2
duc , s
d
a = −
hd√
2
dda , s
d
c = − i
hd√
2
ddc , (A.4)
with a = 1, 2 and c = 3, 4, using the Yukawa couplings
hu =
g mu√
2mW sin β
, hd =
g md√
2mW cos β
. (A.5)
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The fermion-sfermion-neutralino coupling parameters af˜ip and b
f˜
ip (i = 1, 2, p = 1, . . . , 4)
have the form
af˜ip = gf
f
LpR
f˜
i1 + hfZpxR
f˜
i2 , (A.6)
bf˜ip = gf
f
RpR
f˜
i2 + hfZpxR
f˜
i1 , (A.7)
with x = 3 for down-type and x = 4 for up-type fermions, Rf˜ the 2× 2 sfermion rotation
matrix,
f fLp =
√
2
[(
ef − I3Lf
)
tan θWZp1 + I
3L
f Zp2
]
, (A.8)
f fRp = −
√
2 ef tan θW Zp1 . (A.9)
I3Lf denotes the SU(2)L isospin and ef the charge of the fermion f .
The H0k f˜
∗
i f˜j couplings [2] are
Gu˜ij1 ≡ G(h0 u˜∗i u˜j) =
(
Ru˜Gu˜LR1 (R
u˜)T
)
ij
=
−gRu˜

 −mZcW (I3Lu − eus2W )sα+β + m
2
u
mW sβ cα
mu
2mW sβ (Aucα + µsα)
mu
2mW sβ (Aucα + µsα) −
mZ
cW
eus
2
W sα+β +
m2u
mW sβ cα

 (Ru˜)T , (A.10)
Gd˜ij1 ≡ G(h0 d˜∗i d˜j) =
(
Rd˜Gd˜LR1 (R
d˜)T
)
ij
=
gRd˜

 mZcW (I3Ld − eds2W )sα+β + m
2
d
mWcβ sα
md
2mWcβ (Adsα + µcα)
md
2mWcβ (Adsα + µcα)
mZ
cW
eds
2
W sα+β +
m2
d
mWcβ sα

 (Rd˜)T , (A.11)
Gf˜ij2 ≡ G(H0 f˜ ∗i f˜j) = G(h0f˜ ∗i f˜j) with α→ α− pi2 , (A.12)
(i. e. sinα ≡ sα → −cα , cosα ≡ cα → sα , and sin(α + β) ≡ sα+β → −cα+β),
Gu˜ij3 = G(A
0 u˜∗i u˜j) =
ig
2mW
(
0 1
−1 0
)
ij
mu(Au cotβ + µ) , (A.13)
Gd˜ij3 = G(A
0d˜∗i d˜j) =
ig
2mW
(
0 1
−1 0
)
ij
md(Ad tan β + µ) , (A.14)
Gf˜ij4 ≡ G(G0 f˜ ∗i f˜j) = G(A0f˜ ∗i f˜j) with β → β − pi2 , (A.15)
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(i. e. tanβ ↔ − cot β). The superscript “u˜” (“d˜”) denotes an up-type (down-type)
sfermion.
The H0k H
0
l f˜
∗
i f˜j interaction is given by
L = −1
2
(
h2f c
f˜
kl δij + g
2 dkl e
f˜
ij
)
H0k H
0
l f˜
∗
i f˜j , (A.16)
with
cu˜kl =


cos2 α cosα sinα 0 0
cosα sinα sin2 α 0 0
0 0 cos2 β cos β sin β
0 0 cos β sin β sin2 β


kl
, (A.17)
cd˜kl =


sin2 α −cosα sinα 0 0
−cosα sinα cos2 α 0 0
0 0 sin2 β −cos β sin β
0 0 −cos β sin β cos2 β


kl
, (A.18)
dkl = c
d˜
kl − cu˜kl , (A.19)
ef˜ij =
1
2 c2W
[
(I3Lf − efs2W )Rf˜i1Rf˜j1 + ef s2W Rf˜i2Rf˜j2
]
. (A.20)
B Counter term δe
When we give the renormalized electric charge in the Thomson limit with the measured
fine structure constant α = e20/(4pi) = 1/137, the counter term δe0 is given by the general
form [16]
δe0
e0
=
1
2
Π˙AAT (0)−
sW
cW
ΠAZT (0)
m2Z
, (B.1)
with the momentum derivative of the transverse photon self-energy Π˙AAT and the γ − Z0
mixing self-energy, both for the on-shell photon (p2 = 0). Fermions and sfermions do not
contribute to ΠAZT (0) as a consequence of the fact that the physical photon is massless to
all orders. However, the contribution of light hadrons to Π˙AAT (0) has a large theoretical
uncertainty [24, 16]. To avoid this problem, in this work we use the MS running coupling
at Q = mZ , α(mZ) = e
2(mZ)/(4pi) = 1/129 as input. The counter term δe(mZ) then
becomes
δe
e
=
e2 e2f
(4pi)2

2
3
(
∆+ log
Q2
x2f
)
+
2∑
i=1
1
6

∆+ log Q2
m2
f˜i



 , (B.2)
with xf = mZ for all mf < mZ and xt = mt. Here ∆ denotes the UV divergence factor.
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C Proof of the ξ independence
We investigate the wave-function corrections to the process
A0(p)→ χ˜0m(k1) + χ˜0n(k2) . (C.1)
Both the contributions of the transitions A0 → G0 → χ˜0m + χ˜0n and A0 → Z0 → χ˜0m + χ˜0n
have a dependence on the gauge parameter ξ = ξZ in the propagators of (G
0, Z0). We
show that the sum of these contributions is independent of ξ.
We start from the matrix elements in a general Rξ gauge,
MG = (iΠAG) i
p2 − ξm2Z
(−gF 0mn4)u¯(k1)γ5v(k2) , (C.2)
MZ = (−ipµΠAZ) i
p2 −m2Z
(
−gµν + (1− ξ) pµpν
p2 − ξm2Z
)
(−i g
cW
O
′′L
mn)u¯(k1)γ
νγ5v(k2) .
(C.3)
The self-energies ΠAG and ΠAZ by (s)fermion one-loop contributions are ξ independent.
The Z0χ˜0mχ˜
0
n couplings O
′′L
mn are
O
′′L
mn =
1
2
(−Zm3Zn3 + Zm4Zn4) . (C.4)
As limiting cases, MG = 0 in the physical unitary gauge ξ → ∞ and MZ = 0 in the
ξ = 0 (Landau) gauge. Note that the tadpole contributions have to be included [18, 19]
in ΠAG.
We can writeMG directly as
MG = 1
p2 − ξm2Z
gΠAG(p
2)F 0mn4 u¯(k1)γ
5v(k2) . (C.5)
ForMZ we first contract the Lorentz indices,
pµ
(
−gµν + (1− ξ) pµpν
p2 − ξm2Z
)
u¯(k1)γ
νγ5v(k2) =
(
(1− ξ) p2
p2 − ξm2Z
− 1
)
u¯(k1)p/γ
5v(k2) ,
and use u¯(k1)p/γ
5v(k2) = u¯(k1)(k/1 + k/2)γ
5v(k2) = (mm +mn)u¯(k1)γ
5v(k2). So we get
MZ = − i
p2 −m2Z
(
(1− ξ) p2
p2 − ξm2Z
− 1
)
g
cW
ΠAZ(p
2)O
′′L
mn (mm +mn) u¯(k1)γ
5v(k2) . (C.6)
We use the Slavnov-Taylor identity (see also [19], eq. (3.7))
p2ΠAZ(p
2) + imZ ΠAG(p
2) = 0 , (C.7)
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and split the sumMG+MZ in an obviously ξ independent and possibly dependent part,
MG+Z =
{
i
p2 −m2Z
g
cW
ΠAZ(p
2)O
′′L
mn (mm +mn)
+ i gΠAZ(p
2)
p2
p2 − ξm2Z
(
F 0mn4
mZ
− (1− ξ)
p2 −m2Z
O
′′L
mn
cW
(mm +mn)
)}
u¯(k1)γ
5v(k2) . (C.8)
With the relation (proved later)
mZ cW F
0
mn4 = −O
′′L
mn (mm +mn) , (C.9)
we get for the part written in the brackets in eq. (C.8)
− (mm +mn)O
′′L
mn
cW
(
1
m2Z
+
1− ξ
p2 −m2Z
)
= −(mm +mn) O
′′L
mn
m2Z cW
p2 − ξm2Z
p2 −m2Z
, (C.10)
and therefore the final result
MG+Z = −i g
m2Z cW
ΠAZ(p
2)O
′′L
mn (mm +mn) u¯(k1)γ
5v(k2) . (C.11)
The ξ dependence is completely cancelled in (C.11).
Finally, we prove (C.9). With the abbreviation Aij = (ZmiZnj + ZmjZni) and knowing
the entries of the neutralino tree-level mass matrix Y (see e. g. eq. (35) in [11]), one can
write F 0mn4 as
2mZ cW F
0
mn4 = Y13A31 + Y23A32 − Y14A41 − Y24A42 . (C.12)
Next we add and subtract the terms Y33A33+Y43A34 and Y34A43+Y44A44. Exploiting the
fact that Y33 = Y44 = 0 and Y34 = Y43, we get
2mZ cW F
0
mn4 =
∑
k
(Yk3A3k − Yk4A4k) . (C.13)
Writing the entries of Y in terms of neutralino masses, Ykj =
∑
lmlZlkZlj, and using∑
k ZikZjk = δij we get
2mZ cW F
0
mn4 =
∑
k,l
mlZlk [Zl3 (Zm3Znk + ZmkZn3)− Zl4 (Zm4Znk + ZmkZn4)]
=
∑
l
ml (δnlZl3Zm3 + δmlZl3Zn3 − δnlZl4Zm4 − δmlZl4Zn4)
= mnZn3Zm3 +mmZm3Zn3 −mnZn4Zm4 −mmZm4Zn4
= (Zm3Zn3 − Zm4Zn4) (mm +mn) = −2O′′Lmn (mm +mn) . (C.14)
Therefore, eq. (C.9) is proven.
However, from the Slavnov-Taylor identity one can prove in general that the same can-
cellation of the gauge dependent parts in G0 and Z0 propagators occurs for any one-loop
two-body decay of A0.
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